INTRODUCTION
============

The intestinal epithelium plays a central role in immune homeostasis in the intestine, not only by acting as a physical barrier to commensal bacteria and foreign antigens, but also by being actively involved in antigen capture and processing and regulation of various immune cells ([@b38-molce-41-4-290]). The epithelial monolayer is folded into many villous protrusions into the lumen and crypts of Lieberkühn, invasions into the underlying connective tissue. The crypts are an important site of intestinal epithelial-cell (IEC) differentiation and are where the four IEC types (goblet, enteroendocrine, absorptive, and Paneth cells) are derived from Lgr5^+^ intestinal stem cells (ISC) ([@b3-molce-41-4-290]; [@b44-molce-41-4-290]). The mouse intestinal epithelium constantly undergoes homeostatic renewal every 4--5 days as it endures continual mechanical and chemical stress ([@b11-molce-41-4-290]), making it one of the favorite tissues in which to study stem-cell maintenance and differentiation. ISCs residing in the bottom of the crypts can differentiate into the four types of IEC by complex interactions among four signaling pathways (Wnt, Notch, bone morphogenic proteins (BMP) and Hedgehog) ([@b31-molce-41-4-290]).

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that belongs to the basic region-helix-loop-helix (bHLH) superfamily of DNA binding proteins ([@b9-molce-41-4-290]). Some structurally diverse low-molecular-weight chemicals have been identified as naturally occurring exogenous and endogenous AhR ligands ([@b14-molce-41-4-290]; [@b33-molce-41-4-290]). In addition to its role in detoxification of xenobiotics, AhR is intimately involved in diverse physiological processes ([@b5-molce-41-4-290]). In mice and humans, AhR is expressed in several organs, including the lung, the heart, the liver, the thymus, and the kidney ([@b1-molce-41-4-290]).

The intestines of mice express AhR ([@b12-molce-41-4-290]). The intestines can be exposed to various AhR ligands by foods contaminated with toxic chemicals, phytochemicals including indole-3-carbinol (I3C), and metabolites produced by commensal bacteria, such as indole-3-acetic acid ([@b10-molce-41-4-290]; [@b37-molce-41-4-290]; [@b51-molce-41-4-290]). AhR is involved in maintaining intraepithelial lymphocytes (IEL) and innate lymphoid cells (ILC) ([@b26-molce-41-4-290]; [@b39-molce-41-4-290]) and regulates organogenesis of intestinal lymphoid follicles ([@b22-molce-41-4-290]). We previously reported that AhR activation by 6-formylindolo\[3,2-b\]carbazole (FICZ) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) inhibits the *in vitro* differentiation of mouse intestinal epithelial cells ([@b36-molce-41-4-290]). However, which cell type of IEC is affected by AhR and how AhR works remain unknown. In addition, although AhR is activated by several different ligands, giving rise to similar effects on diverse physiological activities, accumulating evidence suggests that AhR ligands may act differentially, giving rise to different effects ([@b18-molce-41-4-290]; [@b40-molce-41-4-290]; [@b47-molce-41-4-290]).

Indole-3-carbinol (I3C), which is a breakdown product of glucobrassicin (3-indolylmethyl glucosinolate), a sulfur-containing compound that is rich in cruciferous vegetables such as broccoli and cabbage, can be converted into 3,3′-diindolylmethane (DIM) and indole\[3,2-b\]carbazole (ICZ) in the acidic environment of the stomach ([@b6-molce-41-4-290]). I3C and DIM have gained considerable attention because of their anticancer properties, which are attributable to its ability to target signaling pathways governing apoptosis and cell cycle progression ([@b2-molce-41-4-290]; [@b29-molce-41-4-290]; [@b49-molce-41-4-290]). I3C and DIM are ligands for AhR ([@b6-molce-41-4-290]). In mice fed with defined diets nearly free of phytochemicals, such as polyphenols and glucosinolates, I3C supplementation induced AhR activity within RORγt+ innate lymphoid cells (ILC) and intraepithelial lymphocytes (IEL), promoting organogenesis of intestinal lymphoid follicles and helping to maintain IELs ([@b22-molce-41-4-290]; [@b26-molce-41-4-290]). In addition, certain plant-derived AhR ligands such as I3C are sold as dietary supplements in an uncontrolled market.

The aim of this study was to find out if diet-supplement I3C can affect the development of mouse intestinal organoids *in vitro* and how it works. We observed that I3C inhibits intestinal organoid development in an AhR-dependent manner. I3C upregulated the expression of Muc2 and lysozyme but inhibited the expression of IAP. In the intestines of mice treated with I3C, the number of goblet cells was increased. I3C increased the level of active nonphosphorylated β-catenin but suppressed the Notch signal. In addition, expression of Hes1 and Math1, which are involved in lineage determination of IEC, was differently regulated: Hes1 was downregulated, but Math1 expression was upregulated by I3C. Thus, we provide evidence that I3C promoted the differentiation of goblet cells, regulating Wnt and Notch signals and expression of their downstream target genes, Hes1 and Math1.

MATERIALS AND METHODS
=====================

Mice
----

C57BL/6 female mice, 6--12 weeks of age, were purchased from the Korean Institute for Chemistry (Korea) and acclimatized for two weeks before use in experiments. The animals were housed, 5 mice per cage, in a laminar air-flow room maintained at 22 ± 2°C with a relative humidity of 55 ± 5%. Mice were cared for and treated in accordance with the guidelines established by the Changwon National University public health service policy on the use of laboratory animals. The animal study was performed in the immunology laboratory, Department of Biology, Changwon National University.

Chemicals and reagents
----------------------

Matrigel was from Corning Life Sciences (USA). Jaggged-1 peptide, murine noggin, and R-Spondin1 were purchased from AnaSpec (USA), Peprotech (USA), and ACROBiosystems (USA), respectively. EGF, TrypLE express, and N2 and B-27 supplements were from Life Technologies (USA). I3C, a periodic acid-Schiff kit, *N*-acetylcysteine, and Harris' Hematoxylin were from Sigma-Aldrich (USA). Anti-activated Notch1 Ab was from Abcam (USA) and anti-non-phospho (active) β-catenin (Ser33/37/Thr41) Ab and anti-β-actin Ab were from Cell Signaling Technologies (USA).

Intestinal organoid development in vitro
----------------------------------------

*In vitro* intestinal organoid development from crypts and Lgr5^+^ stem cells was previously described ([@b36-molce-41-4-290]). Briefly, crypts isolated from the mouse small intestine were resuspended with Matrigel™ (250 crypts/50 μl/well) and applied into a 24-well plate. Then, 0.5 ml complete culture medium \[DMEM/F12 medium supplemented with mouse EGF (50 ng/ml), mouse Noggin (100 ng/ml), human R-spondin1 (500 ng/ml), N2 and B-27 supplements, and 1 mM *N*-acetylcysteine\] was added to the solidified Matrigel™. Culture medium was changed every 4 days. For *in vitro* intestinal organoid development from Lgr5^+^ stem cells, mouse crypts were resuspended in single-cell dissociation medium consisting of 3 ml DMEM/F12 medium with N2 and B-27 supplements, 1 mM *N*-acetylcysteine, 1 ml TrypLE express, and DNase I (2,000 units/ml), and were incubated in a 37°C water bath with intermittent pipetting every 8 min for 30 min. Then, crypts were mechanically pipetted with a fire-polished Pasteur pipette 10 times. The sample was passed through a 40-μm cell strainer, followed by a 20-μm cell strainer. Cells containing Lgr5^+^ cells were resuspended with Matrigel™ (200 cells/25 μl) with 1 μM Jagged-1 peptide and applied into a 48-well plate. Then, 0.25 ml of single-cell culture medium \[DMEM/F12 medium supplemented with mouse EGF (50 ng/ml), mouse Noggin (100 ng/ml), human R-spondin1 (500 ng/ml), 10 μM Y-27632, 1 μM Jagged-1 peptide, N2 and B-27 supplements, and 1 mM *N*-acetylcysteine\] was added to the plate. EGF, R-spondin 1, and Noggin were added to the culture every 2 days and the culture medium was changed every 4 days.

siRNA transfection
------------------

Crypt cells containing Lgr5+ stem cells were electroporated using the Cell Line Nucleofector Kit V and Nucleofector II/2b device from Amaxa (Lonza, USA) according to the manufacturer's protocol. In brief, 1 x 10^3^ crypt cells were resuspended in 100 μl of Nucleofector solution and 5 μl of siRNA against mouse AhR (Santa Cruz Biotechnology, USA, catalogue number sc-29655) or control siRNA (sc-37007) was added to the cell suspension at a final concentration of 0.2 μM. Cell suspension was transferred into a cuvette and electroporated with program U-031. After electroporation, 0.5 ml of single-cell culture medium \[DMEM/F12 medium supplemented with mouse EGF (50 ng/ml), mouse Noggin (100 ng/ml), human R-spondin1 (500 ng/ml), 10 μM Y-27632, 1 μM Jagged-1 peptide, N2 and B-27 supplements, and 1 mM N-acetylcysteine\] was added to the cuvette, cultured for 24 h, and assayed for RNA analyses.

Administration of AhR ligands
-----------------------------

I3C dissolved in DMSO was administered to 6-week-old female mice (on average, weighing 20 g) after being mixed with 140 μl corn oil (2 mg of I3C per mouse per injection or 100 mg/kg body weight/injection, 5 mice per group) by gavage five times on days 1, 3, 5, 7, and 9; the mice were sacrificed on day 10 for tissue fixation and RNA analysis. For control, 10 μl DMSO or 10 μl PBS in 140 μl corn oil was administered to mice as for I3C. For *in vitro* experiments, AhR ligands (0.1--1 μM; for vector control 0.1% DMSO v/v) were added 1.5 h before the addition of growth and differentiation factors.

Histochemical analyses of the intestine
---------------------------------------

Intestinal tissues dissected from mice were fixed overnight in 4% PBS-buffered formalin, paraffin-embedded, sectioned at 5 μm, and stained with Hematoxylin and Eosin. Paneth cells and goblet cells are microscopically identified by large eosinophilic refractile granules and the "empty" roundish appearance caused by their being poorly stained cytoplasm, respectively. For comparison, sections were also stained with a Periodic acid-Schiff (PAS) staining kit for goblet-cell analyses. Paneth cells in the small intestine were counted in three adjacent crypts in ten discrete loci, and the number of Paneth cells was presented as an average number of Paneth cells per the three crypts. Goblet cells in the small intestine and the colon were counted in three adjacent villi and crypts, respectively, in ten discrete loci, and the number of goblet cells was presented as an average number of goblet cells per the three villi or crypts. Depth of crypts and height of villi were measured in three adjacent crypts or villi from 10 discrete loci and presented as the average depth of crypts or average height of villi.

RNA preparation and RT-PCR
--------------------------

Total cellular RNA was extracted from cells using the RNAzol method (TEL-TEST, INC., USA). For PCR analysis, RNA was used after contaminating DNA was completely removed by DNase I treatment. RT-PCR analysis was performed using pairs of oligonucleotide primers. The PCR products were confirmed to correspond to their original sequence by DNA sequencing. Gene-specific primers, the number of cycles of amplification, annealing temperature, and expected size of the PCR product are listed in [Table 1](#t1-molce-41-4-290){ref-type="table"}.

Western blotting
----------------

Cells or tissues were homogenized in lysis buffer containing 20 mM Tris-HCl (*p*H 7.4), 1 mM EDTA (*p*H 8.0), 50 μM sodium vanadate, 20 mM *p*-nitrophenylphosphate, 50 mM sodium fluoride, leupeptin (0.5 μg/ml), aprotinin (10 μg/ml), and soybean trypsin inhibitor (10 μg/ml). Proteins size-fractionated on SDS/PAGE were transferred to polyvinylidene difluoride (PVDF) membranes, and the blots were blocked with 3% bovine serum albumin in TBS buffer (20 mM Tris-HCl, *p*H 7.5/137 mM NaCl). The blots were sequentially treated with primary and secondary antibodies in TBST \[20 mM Tris-HCl (*p*H 7.5)/137 mM NaCl/0.1% Tween 20\] with intermittent washing with TBST. Immunodetection was performed with the EzWestLumi plus kit (ATTO, Japan). Densitometer analysis was performed using the Image Master 2-D Platinum software (Amersham Biosciences, Piscataway, USA) according to the protocols provided by the manufacturer.

Cell proliferation assay
------------------------

The CellTiter96^R^AQ One Solution Cell Proliferation Assay System (Promega, USA) was used to assay cell proliferation. Crypts isolated from the mouse small intestine were resuspended with MatrigelTM (50 crypts/10 μl/well) and applied into a 96-well plate. Then, 0.1 ml complete culture medium was added to the solidified MatrigelTM. After 4 days of incubation, 20 μl of CellTiter96RAQ One Solution was added to each well, and the plates were incubated for 4 h at 37°C. The optical density was measured at 490 nm using a 96-well plate reader.

Cell viability assay
--------------------

Cell viability was measured using a quantitative colorimetric MTT assay. Crypts isolated from the mouse small intestine were resuspended with MatrigelTM (50 crypts/10 μl/well) and applied into a 96-well plate. Then, 0.1 ml complete culture medium was added to the solidified MatrigelTM. After 4 days of incubation, 10 μl of MTT solution (5 mg/ml) was added to each well, and the plates were incubated for 2 h at 37°C. After removal of culture medium, 20 μl of 2% SDS solution was added to each well and incubated at 37°C for 2 h to dissolve the Matrigel. Finally, 100 μl of DMSO was placed in each well and incubated at 37°C for 1 h to dissolve the internalized purple formazan crystals. The optical density was measured at 562 nm using a 96-well plate reader.

Statistical analysis
--------------------

All experiments were performed three to five times, and a representative experiment is shown. Data are presented as the mean ± SD and analyzed by the paired Student's *t*-test. A value of *p* \< 0.05 was considered statistically significant.

RESULTS
=======

I3C inhibits the development of intestinal organoids from crypts in an AhR-dependent way
----------------------------------------------------------------------------------------

As described earlier, I3C works as an AhR ligand in addition to its anti-oxidative and anticancer activities. We previously reported that AhR is expressed in crypts, particularly highly in Lgr5^+^ stem cells, and that intestinal organoids consisting of a central lumen lined by villus-like epithelium and crypts started to form 3 days after incubation ([@b36-molce-41-4-290]; [Fig. 1A](#f1-molce-41-4-290){ref-type="fig"}). Thus, we investigated whether I3C regulated the development of intestinal organoids. On average, 20% of crypts grew into organoids (51 ± 5 organoids out of 250 crypts for PBS) 4 days after incubation. I3C concentration-dependently inhibited organoid development by \~22% and \~32% compared with PBS control (40 ± 4 and 35 ± 3 organoids for 0.1 μM and 1 μM I3C, respectively) ([Fig. 1B](#f1-molce-41-4-290){ref-type="fig"}). DMSO showed negligible effect. The effects of I3C on organoid development were remarkably suppressed by α-naphthoflavone, an AhR antagonist. Expression of the Cyp1A1 gene, a target gene of AhR, was induced by I3C ([Fig. 1C](#f1-molce-41-4-290){ref-type="fig"}). When α-naphthoflavone was added to the cell culture, Cyp1A1 expression was significantly reduced compared to I3C alone. To further clarify the role of AhR in the I3C-mediated inhibition of organoid development, Lgr5^+^ cells were separated from crypts, transfected with siRNA against mouse AhR, and subjected to organoid development. One day after culture, developing organoids were harvested and assayed for AhR expression. Because of the low frequency of Lgr5^+^ stem cells (\~5% of a crypt), we could not detect AhR signals in the Western blotting assays. The level of AhR mRNA was significantly reduced in the culture transfected with the AhR siRNA but not that with the control siRNA ([Fig. 1D](#f1-molce-41-4-290){ref-type="fig"}). Thus, we examined siRNA effects on organoid development. Four days after culture when developing organoids started to form ([Fig. 1E](#f1-molce-41-4-290){ref-type="fig"}), organoids were counted. The number of organoids was decreased by I3C (10.2 ± 2.5) compared with PBS or DMSO control (18.3 ± 2.7 or 18.6 ± 3.0, respectively). I3C effects were remarkably reduced when AhR siRNA (16.5 ± 2.7), but not control siRNA (10.2 ± 2.2), was transfected into stem cells ([Fig. 1F](#f1-molce-41-4-290){ref-type="fig"}). These results suggest that I3C inhibits organoid development AhR-dependently.

Next, we examined if I3C inhibits organoid development by interfering with proliferation of Lgr5+ stem cells and transit amplifying (TA) cells, two types of cells which actively proliferate in the developing crypts, or alternatively by decreasing cell viability. Cell proliferation was examined using the CellTiter96RAQ One Solution Cell Proliferation Assay System. The optical density was decreased by \~40% by I3C, suggesting that I3C might inhibit the formation of intestinal organoids, probably by inhibiting proliferation of stem cells and transit-amplifying cells. Considering the lower yield of organoids in cultures treated with 1 μM I3C (\~32% compared with the PBS control), it appeared that I3C slightly inhibited proliferation of organoids. When cell viability was tested using the MTT assay, there was no significant difference between the samples tested ([Fig. 1H](#f1-molce-41-4-290){ref-type="fig"}).

I3C increases expression of Muc2 and lysozyme genes but inhibits expression of IAP genes
----------------------------------------------------------------------------------------

As described earlier, there are four types of IEC. It is possible that I3C regulates the development of intestinal organoids by working on certain types of IEC. Thus, we examined which type of IEC is affected during differentiation by I3C in two different but mutually complementary ways. First, intestinal organoids cultured for 4 days were analyzed for expression of lineage-specific genes: Muc2 for goblet cells, intestinal alkaline phosphatase (IAP) for enterocytes, lysozyme for Paneth cells, and chromogranin A (ChgA) for enteroendocrine cells. Muc2 expression, which was of a background level in PBS and DMSO control, was greatly increased by I3C ([Fig. 2](#f2-molce-41-4-290){ref-type="fig"}), whereas IAP expression was remarkably reduced by I3C ([Fig. 2](#f2-molce-41-4-290){ref-type="fig"}). Expression of lysozyme and ChgA was slightly increased (lysozyme) or not affected (ChgA) by I3C. Next, we examined the effect of I3C on the histology of the intestine. Adult mice were administered I3C or DMSO and sacrificed for histological examination on day 10. I3C-treatment of mice produced no significant histological abnormalities except for remarkably increasing the frequency of goblet cells in the small intestine and colon ([Figs. 3A and 3B](#f3-molce-41-4-290){ref-type="fig"}). In the small intestine, the number of goblet cells per three villi was higher in I3C-treated mice (10 ± 1.3) than in PBS control (8.1 ± 1.5) and DMSO-treated mice (8.1 ± 1.5) ([Fig. 3A](#f3-molce-41-4-290){ref-type="fig"}). I3C-mediated increase in the frequency of goblet cells was more pronounced in the colon, where the number of goblet cells was significantly high (90 ± 8) compared to PBS (60 ± 5) or DMSO control (61 ± 6) ([Figs. 3B and 3C](#f3-molce-41-4-290){ref-type="fig"}). However, I3C showed little effect on the number of Paneth cells and the height of villi of the small intestine ([Figs. 3D and 3E](#f3-molce-41-4-290){ref-type="fig"}), or on the depth of crypts of the colon ([Fig. 3F](#f3-molce-41-4-290){ref-type="fig"}). These results appear to be somewhat different from the results reported in a previous study done with FICZ, where the number of Paneth cells and the depth of crypts in the small intestine and colon were decreased in FICZ-treated mice, but FICZ had little effect on the frequency of goblet cells in both intestines ([@b36-molce-41-4-290]).

I3C promotes Wnt3 signaling but inhibits Notch1 signaling
---------------------------------------------------------

The Wnt3/β-catenin signaling pathway plays a key role in the proliferation of intestinal stem cells (Reya and Clevers, 2005). In the intestine, Notch has dual functions in the crypt: it directs proliferation of Lgr5^+^ stem cells in concert with Wnt ([@b16-molce-41-4-290]) and induces enterocyte differentiation when Wnt signals are low ([@b45-molce-41-4-290]). Inhibition of the Notch pathway results in a massive increase in goblet cells, whereas its activation results in goblet-cell depletion ([@b46-molce-41-4-290]). Thus, we examined whether the Wnt and Notch pathways are modulated by I3C. Canonical Wnt signaling leads to stabilization of cytoplasmic β-catenin by inhibiting phosphorylation events that otherwise target the protein for proteosomal degradation ([@b28-molce-41-4-290]). To see the effects of I3C on Wnt activity, we measured the level of nonphosphorylated (active) (Ser33/37/Thr41) β-catenin 4 days after the start of organoid development. The level of active β-catenin was increased by I3C to three times that in the PBS or DMSO control ([Fig. 4A](#f4-molce-41-4-290){ref-type="fig"}).

In mouse intestine, Notch1 and Notch2 are specifically expressed in crypt stem cells ([@b15-molce-41-4-290]). The Notch pathway is activated by a cascade of proteolytic cleavages, resulting in the translocation of Notch intracytoplasmic domain (NICD) into the nucleus to induce target-gene transcription by interactions with other DNA binding proteins ([@b8-molce-41-4-290]; [@b23-molce-41-4-290]). Thus, the level of NICD was measured 2 h after the addition of Jagged-1 peptide, a Notch ligand. The level of NICD was decreased by I3C to half that in the PBS or DMSO control ([Fig. 4A](#f4-molce-41-4-290){ref-type="fig"}). Next, we examined if I3C regulates expression of genes associated with Wnt3/β-catenin and Notch signals. Expression of low-density lipoprotein receptor protein 6 (LRP6) and Lgr5, which are involved in Wnt signaling, was increased by I3C, whereas expression of Wnt3, Delta, and Notch1 was not modulated by I3C ([Fig. 4B](#f4-molce-41-4-290){ref-type="fig"}). Whether the upregulated expression of Lgr5 by I3C results in the increase of stem cells remains to be tested.

Next, we examined if I3C modulates expression of Hes1, a Notch target gene ([@b34-molce-41-4-290]), and transcription factor 4 (Tcf4), a transcriptional partner with activated β-catenin. Hes1 is a transcriptional repressor that represses transcription of the transcription factor Math1 ([@b21-molce-41-4-290]). Intestinal Math1 expression is required for commitment toward the secretory lineage, including goblet cells and Paneth cells ([@b52-molce-41-4-290]). Thus, we analyzed the expression of Hes1, Math1, and TCF4 both in organoids and in mice. Organoids cultured for 4 days and mice treated with AhR ligands for 10 days were used for this assay. Hes1 expression was downregulated by I3C, whereas Math1 expression was upregulated by I3C, both in organoids ([Fig. 4C](#f4-molce-41-4-290){ref-type="fig"}) and in mice ([Fig. 4D](#f4-molce-41-4-290){ref-type="fig"}). Tcf4 expression was not changed by I3C.

I3C did not appear to impair further development of 4-day old organoids, but increases Muc2 expression while inhibiting IAP expression
--------------------------------------------------------------------------------------------------------------------------------------

Next, we examined if I3C affects the development of developing organoids. Crypts cultured in the complete culture medium for 4 days start to show the morphology of intestinal organoids. Thus, we treated these developing organoids (\~50 organoids/plate) with I3C to see if I3C has any effect on the development of organoids for an additional 4 days ([Fig. 5A](#f5-molce-41-4-290){ref-type="fig"}). I3C did not appear to inhibit the development of organoids. Almost all of the organoids tested developed further in the presence or absence of I3C ([Fig. 5B](#f5-molce-41-4-290){ref-type="fig"}). Then, organoids were harvested and analyzed for Muc2 and IAP RNA expression. I3C increased Muc2 expression but inhibited IAP ([Fig. 5C](#f5-molce-41-4-290){ref-type="fig"}).

DISCUSSION
==========

Previously we reported that AhR activation by TCDD and FICZ inhibited the development of intestinal organoids ([@b36-molce-41-4-290]). In the present study, we demonstrated that I3C also inhibited intestinal organoid development AhR-dependently, promoting the expression of Muc2 and lysozyme genes but inhibiting IAP gene expression. In mice treated with I3C, proportions of goblet cells in the intestines were remarkably increased, confirming the *in vitro* results. I3C showed opposing effects on Wnt and Notch signals, stimulating Wnt signaling but inhibiting Notch activation, and on the expression of two transcription factors involved in intestinal cell differentiation, inhibiting Hes1 but promoting Math1. These results suggest that I3C regulates IEC development controlling Wnt and notch signals, promoting goblet-cell differentiation.

In this study, we observed that I3C inhibited organoid development by 32% at 1 μM. When crypts were isolated from the small intestine, they varied in depth, some being 4--5 cells deep, some being 9--10 cells deep, and some others in between. Crypts are composed of two compartments: a stem-cell compartment at the base of the crypt, which is 4--5 cells deep, and a transit-amplifying (TA) cell compartment at the top of the crypt which is 5--20 cells deep ([@b4-molce-41-4-290]). At the base of each crypt, stem cells can self-renew while generating early progenitors, TA cells, which then divide 4--5 times before they terminally differentiate into the specialized intestinal epithelial-cell types. We noticed that longer crypts were less susceptible to I3C than shorter ones, suggesting that I3C inhibits the transition from stem cells into TA cells. In this study, it was shown that I3C did not appear to inhibit the development of 4-day old developing organoids, but did appear to affect the differentiation of stem cells, promoting Muc2 expression but inhibiting IAP expression. Four-day-old organoids may have a longer TA zone, which might be resistant to I3C action.

Inhibitor of DNA binding I (ID1), which plays an essential role in the self-renewal of stem cells ([@b24-molce-41-4-290]), is expressed in stem cells and TA cells (Zhang et al., 2014). c-Myc promotes differentiation of human epidermal stem cells into TA cells ([@b17-molce-41-4-290]). In organoids and the small intestine treated with I3C, expression of ID-1 but not of c-Myc was decreased (data not shown), suggesting that reduced expression of ID-1 may contribute to a lower yield of organoids by I3C. Immunohistochemical analyses of intestinal tissues with anti-ID1 Ab may address this issue.

In this study, we observed that I3C inhibited Notch activation. How I3C regulates Notch signals is unknown. We observed in this study that expression of Delta and Notch1 was not modulated by I3C, making it unlikely that AhR transcriptionally regulates Notch-related genes. I3C has an antioxidant function inhibiting NF-κB-mediated oxidative stress ([@b27-molce-41-4-290]). NADPH oxidase 1 (NOX1), a reactive oxygen species (ROS)-producing oxidase, plays a key role in cell fate decisions in the colon ([@b13-molce-41-4-290]). The number of goblet cell was increased in NOX1-deficient mice, in which Notch1 signals were inhibited because of reduced expression of γ-secretase and metalloproteinases involved in Notch activation. Thus, it is possible that I3C may inhibit the expression of γ-secretase by reducing oxidative stress, resulting in the inhibition of Notch activation. In addition to direct transcriptional regulation, activated AhR also has E3 ubiquitin ligase activity, resulting in ubiquitination and degradation of certain proteins, including androgen receptor and estrogen receptor alpha. Thus, it will be of great interest to study the interaction between AhR and Notch.

AhR activation can alter Wnt signaling. AhR promotes Wnt signaling in a mouse embryonal carcinoma cell line and a human prostate cancer cell line but inhibits Wnt signaling in mouse intestinal tissue and a rat stem cell-like cell line ([@b41-molce-41-4-290]). Oxidative-stress-induced NF-κB activates protein kinase B (Akt), which phosphorylates glycogen synthase kinase-3-beta (GSK-3β), inhibiting phosphorylation of β-catenin and subsequent degradation of β-catenin ([@b30-molce-41-4-290]). I3C has an antioxidant function inhibiting NF-κB-mediated oxidative stress ([@b27-molce-41-4-290]), suggesting that I3C may promote the degradation of β-catenin by inhibiting GSK-3β phosphorylation. However, in this study, we observed that β-catenin expression was remarkably increased by I3C. Thus, it is unlikely that AhR activation by I3C activates Wnt signaling in an oxidation-related way. In this study, we observed that expression of Wnt receptors LRP6 and Lgr5 was increased by I3C. Upregulation of LRP6 and Lgr5 in human hepatocytes and breast-cancer stem cells promotes Wnt signaling, increasing the level of β-catenin ([@b43-molce-41-4-290]; [@b53-molce-41-4-290]). Thus, it is possible that AhR promotes Wnt activation by upregulating expression of Wnt receptors LRP6 and Lgr5.

Wnt signals are associated with the maintenance of intestinal stem cells (Reya and Clevers, 2005). In this study, it was shown that, although I3C stimulated Wnt signals by increasing the level of active β-catenin, the development of organoids was inhibited, which is in contrast with the expected role of Wnt signals. As described in the result section 'I3C promotes Wnt3 signaling but inhibits Notch1 signaling', blocking Notch cascade impairs the maintenance of undifferentiated proliferative cells in crypts, indicating that concerted activation of the Wnt and Notch signals is necessary for the proliferation of intestinal stem cells ([@b16-molce-41-4-290]; [@b45-molce-41-4-290]). Thus, it is likely that diminished activation of the Notch signals by I3C could explain the I3C-mediated inhibition of the development and proliferation of organoids.

We observed that the expression of lysozyme in organoids was increased by I3C ([Fig. 2](#f2-molce-41-4-290){ref-type="fig"}), but the number of Paneth cells in the small intestine was not changed by I3C treatment ([Fig. 1D](#f1-molce-41-4-290){ref-type="fig"}). Possible explanations for this discrepancy are as follows. Paneth cells have a life expectancy of at least three weeks ([@b7-molce-41-4-290]), much longer than that (several days) of their terminally differentiated villus counterparts ([@b42-molce-41-4-290]). We treated mice with I3C for 10 days. Thus, a longer treatment may be effective to see I3C effects on the number of Paneth cells. Active Wnt signaling promotes the maturation of Paneth cells but not their proliferation ([@b45-molce-41-4-290]). In addition to Wnt signals, Lgr4 and nonreceptor tyrosine phosphates Shp2/MAK2 signals are also necessary for Paneth cell differentiation ([@b20-molce-41-4-290]; [@b32-molce-41-4-290]). These remain to be examined.

Although AhR is activated by several different ligands, giving rise to similar effects on diverse physiological activities, accumulating evidence suggests that AhR ligands may act differentially. FICZ exacerbated experimental autoimmune encephalomyelitis (EAE), but TCDD ameliorated disease progression ([@b40-molce-41-4-290]; [@b47-molce-41-4-290]). TCDD induced regulatory T (Treg) cell differentiation, but FICZ both interfered with Treg development and promoted Th17 cell differentiation. TCDD impaired oral tolerance against ovalbumin in mice, but I3C boosted the oral tolerance ([@b18-molce-41-4-290]). Previously, we reported that FICZ inhibited intestinal organoid development ([@b36-molce-41-4-290]). Although FICZ ([@b36-molce-41-4-290]) and I3C in this study similarly inhibited intestinal organoid development, it acts differently in Wnt signaling and in the development of the intestine. FICZ inhibits Wnt signaling, but I3C stimulates it. The number of Paneth cells and the depth of crypts in both intestines were reduced in FICZ-treated mice but not in I3C-treated mice. The number of goblet cells was increased in I3C-treated mice but not in FICZ-treated mice. It remains unknown how FICZ and I3C act differently, perhaps because of the difference in AhR affinity; FICZ has a higher affinity for AhR, 2 or more orders of magnitude higher than for I3C ([@b6-molce-41-4-290]; [@b50-molce-41-4-290]), or perhaps because of differential interaction with other transcription factors ([@b19-molce-41-4-290]; [@b25-molce-41-4-290]). Furthermore, in contrast to I3C, which has an antioxidant function, FICZ induced oxidative stress in mast cells and epidermal keratinocytes ([@b35-molce-41-4-290]; [@b48-molce-41-4-290]).

In conclusion, the results obtained in this study provide evidence that I3C, a phytochemical with anticancer activity, regulates the development of the intestine, promoting goblet-cell differentiation in an Ahr-dependent manner. This activity of I3C is mediated by a concerted regulation of Wnt and Notch signals, resulting in differential expression of the transcription factors Hes1 and Math1, which are involved in lineage decisions of IEC. Several issues remain to be addressed:

1.  How is Notch activation suppressed by I3C-activated AhR?

2.  How is Wnt activation stimulated by AhR activated by I3C?

3.  How do different AhR ligands work differently under the same environment?

4.  Do other phytochemicals with AhR-activating ability, including quercetin and kaempferol, and metabolites produced by commensal bacteria, such as indole-3-acetic acid, show similar effects on intestinal development?

This work was supported by the Basic Science Research Program through the National Research Foundation of Korea funded by the Ministry of Education (2016R1D1A1B03 931275).

![I3C inhibits the development of intestinal organoids from crypts or Lgr5^+^ stem cells AhR-dependently\
Crypts, isolated from the small intestine, were resuspended with Matrigel and applied into a 24-well plate and then cultured in complete culture medium for 4 days. I3C (0.1--1 μM), α-naphthoflavone (1 μM), and DMSO (0.1% v/v) were added to the culture medium 1.5 h before the addition of growth and differentiation factors. Then, organoids were observed (A) and counted (B) under the inverted microscope, and assayed for RNA analysis (C), cell proliferation (G), or cell viability assay (H). For siRNA nucleofection, 1 x 10^3^ crypt cells were suspended in 0.1 ml of Nucleofector solution and 5 μl of siRNA against mouse AhR or control siRNA and electroporated. Cells were cultured and harvested 24 h later and assayed for AhR expression (D). Crypt cells containing Lgr5^+^ cells, which were nucleofected with siRNA, were mixed with Matrigel (200 cells/25 μl) with 1 μM Jagged-1 peptide, subjected to organoid development, and observed and counted under the inverted microscope (E, F). Results are presented as mean ± SD of 5 (B, G, and H) or 3 (F) independent experiments. Statistical significance was analyzed using the paired Student's *t*-test. \* *p* \< 0.05 compared with PBS control. Scale bar, 50 μm.](molce-41-4-290f1){#f1-molce-41-4-290}

![I3C promotes the differentiation of goblet and Paneth cells but inhibits enterocyte differentiation\
Crypts cultured in complete culture medium in the presence of I3C (1 μM) or DMSO (0.1% v/v) for 4 days were harvested and analyzed for expression of Muc2, lysozyme, IAP, and ChgA genes by RT-PCR. Results are representative of three separate experiments that showed similar results.](molce-41-4-290f2){#f2-molce-41-4-290}

![The number of goblet cells in the intestine was increased in mice treated with I3C\
Mice (8-week-old females weighing an average of 20 g) were administered with AhR ligands mixed with 140 μl corn oil (PBS control, 10 μl PBS; DMSO control, 10 μl DMSO; I3C, 2 mg in 10 μl) by gavage 5 times on days 1, 3, 5, 7, and 9 and sacrificed on day 10. Tissues were fixed in 4% formaldehyde, embedded in paraffin, and stained with Hematoxylin & Eosin. Paneth cells and goblet cells were counted in three adjacent crypts from ten discrete loci and the number of each cell type was presented as average number of each cell type per three crypts. Depth of crypts and length of villi were measured in three adjacent crypts and villi from ten discrete loci and presented as the average depth of crypts and length of villi, respectively. Results are presented as mean ± SD of data for five mice per group. (A, D, and E) for small intestine; (B, C, and F) for colon. Statistical significance was analyzed using the paired Student's *t*-test. \* *p* \< 0.05 compared with PBS control. Scale bar, 50 μm.](molce-41-4-290f3){#f3-molce-41-4-290}

![I3C stimulates Wnt signaling but inhibits Notch signaling\
Crypts cultured in complete culture medium in the presence of I3C (1 μM) or DMSO (0.1% v/v) for 4 days were harvested and analyzed for activation of Wnt and Notch signals by Western blotting (A) and for RNA expression of several genes by RT-PCR (B, C). For Notch activation, organoids cultured for 4 days were subsequently treated with Jagged-1 peptide (1 μM) for 2 h and subjected to Western blotting. For expression analysis in the small intestine, mice (8-week-old females weighing an average of 20 g) were administered with AhR ligands mixed with 140 μl corn oil (PBS control, 10 μl PBS; DMSO control, 10 μl DMSO; I3C, 2 mg in 10 μl) by gavage 5 times on days 1, 3, 5, 7, and 9 and sacrificed on day 10. Then, the small intestine was analyzed for RNA expression by RT-PCR. Results are representative of three separate experiments, which showed similar results.](molce-41-4-290f4){#f4-molce-41-4-290}

![I3C does not inhibit further development of 4-day-old organoids but increases Muc2 expression while inhibiting IAP expression\
Crypts cultured in the complete culture medium for 4 days (\~50 organoids/plate) were treated with I3C (1 μM) or DMSO (0.1% v/v) and cultured for 4 additional days. Then, organoids were observed (A), counted (B), and assayed for RNA expression (C). Results are presented as mean ± SD of 3 independent experiments. Statistical significance was analyzed using the paired Student's *t*-test. Scale bar, 50 μm.](molce-41-4-290f5){#f5-molce-41-4-290}

###### 

Primers used in RT-PCR

  Name         Nucleotide sequence          Annealing temperature (°C)   Cycles[a](#tfn1-molce-41-4-290){ref-type="table-fn"}   Size[b](#tfn2-molce-41-4-290){ref-type="table-fn"} (bp)
  ------------ ---------------------------- ---------------------------- ------------------------------------------------------ ---------------------------------------------------------
  mumuc2fw     5′-ggcaaccagaccacatgtga-3′   58                           35                                                     949
  mumuc2rv     5′-ggcacatgggtacaggagat-3′                                                                                       
  mulyzfw      5′-ctaccgtggtgtcaagctgg-3′   58                           30                                                     569
  mulyzrv      5′-ggcaatcactgtgttggctg-3′                                                                                       
  mualpifw     5′-gcatgctcagcaggaatcca-3′   58                           30                                                     510
  mualpirv     5′-agcctgcgaatgccatgacg-3′                                                                                       
  muchgafw     5′-atgccaagcacagagacgca-3′   58                           35                                                     683
  muchgarv     5′-ccatcctgctccatcgcttg-3′                                                                                       
  muhgprtfw    5′-gctggtgaaaaggacctctc-3′   60                           30                                                     248
  muhgprtrv    5′-caggaclagaacacctgc-3′                                                                                         
  muhes1fw     5′-gcctatcatggagaagaggc-3′   58                           35                                                     688
  muhes1rv     5′-agccactggaaggtgacact-3′                                                                                       
  mumath1fw    5′-tggctgactcccactttgca-3′   58                           35                                                     819
  mumath1rv    5′-cacttctgtgggatctggga-3′                                                                                       
  mutcf4fw     5′-ttcagccagcactgccgact-3′   58                           35                                                     888
  mutcf4rv     5′-agttgcagactggaccggaa-3′                                                                                       
  mulrp6fw     5′-gtagttggaggcttggagga-3′   58                           35                                                     849
  mulrp6rv     5′-cagtggcaccatctttgcag-3′                                                                                       
  mulgr5fw     5′-gcctctgcttcctagaagag-3′   58                           35                                                     560
  mulgr5rv     5′-gctccggtattgacctgatg-3′                                                                                       
  muwnt3fw     5′-tgcgcttctgccgcaattac-3′   58                           30                                                     542
  muwnt3rv     5′-gtgcatgtggtccaggatgg-3′                                                                                       
  mudelta4fw   5′-aaccctctgcagttgccctt-3′   58                           35                                                     409
  mudelta4rv   5′-tctggcttgctgcagtaacc-3′                                                                                       
  munotch1fw   5′-ccttctactgcgaatgtccg-3′   58                           35                                                     549
  munotch1rv   5′-ttcttgcatggtgtgctggc-3′                                                                                       
  mucyp1a1fw   5′-caccatcccccacagcac-3′     58                           35                                                     125
  mucyp1a1rv   5′-tcgtttgggtcaccccacag-3′                                                                                       
  muahrfw      5′-ggccaagagcttctttgatg-3′   59                           35                                                     305
  muahrrv      5′-ctgggtttagagcccagtga-3′                                                                                       

indicates the number of cycles of amplification

indicates the expected size of PCR products
